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INTRODUCTION

This report is divided into three sections. Section 1 is a summary of progress and a list of
project publications in the past year. Section 2 is a report of hydrogen permeation data showing on
hydrogen absorption (entry) from within grain boundary grooves during anodic dissolution of the
sample. The results illustrate the importance of the IR voltage drop in the groove on creating the
conditions for proton reduction and the subsequent entry of atomic hydrogen into the metal. They
also confirm the conclusion of an earlier ONR study (USN 00014-8-K-0025) that grain boundary
corrosion can sustained indefinitely once a grain boundary groove is produced. Section 3
describes results from this earlier study where the groove was produced by the classical chromium
depletion mechanism followed by rapid localized corrosion of the adjacent (18% Cr) bulk grains

SECTION 1
PROGRESS SUMMARY

Hydrogen Absorption. The problem of hydrogen-induced damage and failure of metallic
systems starts with hydrogen entry. The hydrogen permeation technique has been successfully
used for three decades for determining some of the important hydrogen/material parameters, €.g.,
the hydrogen diffusivity and hydrogen concentration inside the input surface, but most of the
parameters related to hydrogen entry were not previously attainable from permeation data because
of the incomplete nature of the quantitative treatment of hydrogen permeatior: available in the
literature. Our work of the past few years on the project corrected this situation for aqueous
solution hydrogen charging, so now a more rigorous quantitative treatment of the permeation
process is available (described in the 1990 Annual Report and various publications). As a result
several additional parameters related to hydrogen entry became attainable from steady stage
permeation data obtained as a function of the hydrogen charging current and in some cases the
membrane thickness. The model shows how the proton discharge rate constant, transfer
coefficient and exchange current density, the hydrogen recombination rate constant, the hydrogen

coverage, and the ratio of (but not the individual) hydrogen absorption and desorption rate




constants can be obtained from data for a single membrane thickness. To obtain the individual
absorption and desorption constants further development of the model (described in the 1992
Annual Report and publications) shows how these parameters are obtained from steady state
permeation data for three or more membrane thicknesses. Application of the model to hydrogen
permeation data is underway or anticipated in order to better understand the effects of a number of
metallurgical and environmental factors on which are known to modify hydrogen absorption
characteristics and kinetics.

In-situ imaging of hydrogen adsorption at the atomic Jevel. The scanning tunneling
microscope provides the opportunity for in-situ imaging of the surface over a wide range of scale
including the atomic scale. Imaging adsorbates on surfaces including hydrogen from the gas
phase is also possible. Our in-situ STM observations of hydrogen adsorption for the Si 111(7x7)
surface (ONR Technical Report, February 1990) demonstrate the applicability of the technique for
atomic scale study of adsorbed hydrogen. Recent progress is reported in ONR Technical Report,
February 1993 entitled "FI-STM Investigation of Atomic Hydrogen Adsorption on the Si(100) 2x1
Surface”. Many details of the atomic surface structure and how the hydrogen chemisorption
structure changes as a function of external factors such as the hydrogen pressure and time
(coverage).

Proton reduction and hydrogen absorption within recesses. For most cases of nonuniform
corrosion, the electrode potential varies over the surface, e.g., in the case of oxygen concentration
cells, being me noble at cathodic sites of high oxidant availability and more negative at anodic sites.
The shift of the electrode potential in the negative direction can be quite large and its magnitude is
unknown in service applications since the anodic sites are in recesses (crevice, cracks, etc.). It
follows that the tendency for the occurrence of the hydrogen evolution reaction, and thus for
hydrogen entry into the metal structure, is greatest in the recesses.

Thus, it becomes important to know how and to what extent the various parameters e.g., size
and shape of the cavity, shift the local electrode potential in the negative direction during localized

corrosion. This question does not appear to have been addressed in the literature but is not trivial




as we now know from recent results on IR voltage drops in cavities. These IR voltages produce
electrode potential shifts that can evolve hydrogen gas (ONR Technical Reports, February 1988,
January 1988 and October 1987, and Annual Report 1992; J. Electrochem. Soc., 137, 3313
(1990); ibid, 138, L56 (1991). Our recent results show both acidification and chloride ion increase
ie magnitude and frequency of the potential shift within recesses in the negative direction,
favoring hydrogen evolution and entry into the metal, and earlier results show that flat surfaces
may form grooves by one corrosion process, €.g., grain boundary attack of Cr-depleted alloy in
sensitized stainless steel (described below in Section 3) that are amenable to IR-induced proton

discharge and hydrogen absorption (described below in Section 2).
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SECTION 2
HYDROGEN ABSORPTION AT GRAIN BOUNDARIES DURING
ANODIC POLARIZATION OF SENSITIZED STAINLESS STEEL BY THE
HYDROGEN PERMEATION TECHNIQUE
A. Sehgal, R. N. Iyer, and H. W. Pickering
The Pennsylvania State University
Materials Science and Engineering Department
326 Steidle Building
University Park, PA 16802

ABSTRACT

Hydrogen permeation results are used to indirectly determine the electrode potential inside
grain boundary grooves. The results indicate that the IR form of localized corrosion replaces the
chromium depletion mechanism within minutes after grain boundary grooves form in a sensitized
ferritic stainless steel. This results in rapid attack of the bulk stainless steel grains of normal Cr

content.

INTRODUCTION

Intergranular corrosion (IGC) in stainless steels occurs primarily as a result of the
formation of a chromium depleted zone at the grain boundary which forms a less protective passive
film and is preferentially attacked. However, previous work on the project by Bennett and
Pickering!, and Kelly, et. al.2 has shown that the grooves formed during IGC in an austenitic and
ferritic steel, respectively, were much larger than the Cr depleted zone width. The same has been
observed in a stainless steel tube that failed in service due to IGC in acid solution by Zamanzadeh,
ct.al.3 Thus, in all three cases the bulk alloy, which should have been passive, was attacked, a
result not explained by the chromium depletion theory. Therefore, a second corrosion form was
indicated to occur and to dominate after initiation of IGC by the classical chromium depletion form
of corrosion. Kelly also observed that the bulk of the attack was consistently subsurface, i.e., the
majority of the IGC attack occurred inside the material and the widest part of the groove was below
the specimen surface. Gas bubbles, deduced to be hydrogen, were also observed to be evolving
from the grain boundary grooves, a notable result since the external surface was anodically




polarized into the passive region of the steel and therefore was far more noble then the equilibrium
potential of the hydrogen evolution reaction (h.e.r.). If the gas was indeed hydrogen, it meant that
hydrogen absorption into the steel and hydrogen embrittlement could occur under corrosion
conditions for which the h.e.r. was not thermodynamically possible at the outer surface. It would
also establish that there existed a sizable voltage (IR) drop within the grain boundary groove, i.e.,
sufficient in size to place the local electrode potential at the bottom of the groove in the active loop
region of the alloy in the Kelly experiments. Thus, the corrosion mechanism that commences in a
matter of minutes, replaces the Cr-depletion mechanism and accounts for the vast majority of IGC.
It occurs following formation of the groove by the Cr-depletion corrosion mechanism, and may be
the IR voltage drop mechanism of corrosion recently discovered to be responsible for crevice
corrosion in iron and stainless steel* However, the evidence that this is the second form of
corrosion observed by Bennett and Pickering! and Kelly et.al.,2 rests on the assumption that the
observed gas is hydrogen, albeit an assumption that is supported on thermodynamic grounds as the
only gas that can form from water for the experimental conditions (corrosion or applied potential in
the passive region below the oxygen reversible potential).

One way to prove that the gas is hydrogen is to detect it at the opposite surface of a sheet
sample. This identification procedure relies on the fact that only hydrogen of all the elements can
diffuse through a mm thick ferritic steel in minutes at 25°C. This fact is the basis for the hydrogen
permeation technique!3 used widely for studying hydrogen entry and embrittlement of steels and
other body centered cubic metals. At a cathodic potential, hydrogen ions in an aqueous solution

will be reduced, resulting in hydrogen evolution, absorption (entry) of atomic hydrogen into the

* At the time of Kelly's work in the mid eighties, other investigations in our laboratory by Valdes?-6 of crevice
corrosion in iron were strongly hinting of a new, important phenomena in crevice corrosion, namely, a shift of the
electrode potential inside the crevice in the negative direction to values outside the range of stable passivity. This
shift in potential was caused by the IR voltage drop between the actively dissolving crevice wall and the passive
outer surface. The IR voltage drop mechanism of crevice corrosion is now documented in the literature, and to date,
has been shown to operate for a wide range of operating conditions of crevice corrosion in iron.”-9 In principle, it is
likely to operate in all forms of localized corrosion and in all metals exhibiting the passive state, since it has been
observed to be a requirement for localized corrosion in every test conducted to date, which includes pit growth
experiments and other metals like Nil0 and stainless steel.® Localized corrosion that occurs by the IR mechanism is
based on simple potential theory and is therefore, predictive as is shown already by application of the initial
modeling work of Xu and Pickering!1-12 1o experimental results.




alloy and permeation as shown in Figure 1a. Since, no other elements have such a high diffusivity
as hydrogen, detection of an oxidation current at the exit surface in the permeation experiment
depicted in Fig 1a is a proof that proton discharge occurred at the input surface.

If anodic, instead of cathodic, polarization is used in the left side in Fig. 1a, the h.e.r. will
not occur. Only if a preexisting crevice is present or one is formed, ¢.g., along the grain boundary
as is Fig. 1b, is it, in principle, possible for the h.e.r. to occur with the outer surface potential
positive of the hydrogen equilibrium potential. So, if the entry of hydrogen into the steel
undergoing IGC (Fig. 1b) can be proved by measurement of an oxidation current at the exit
surface, it will establish that the electrode potential inside the grain boundary grooves is well
negative of the surface value and in the region of the h.e.r. For base metals like steel, this means
the potential is also in the vicinity of the anodic loop where large anodic currents are possible, Fig.
1c. In this work an electrochemical permeation technique!3 is employed using a thin membrane of
a sensitized ferritic stainless steel (Type 430 stainless steel), to determine if the gas coming out of
the grain boundary grooves is hydrogen.

The polarization curve of Type 430 stainless steel often shows a secondary anodic loop or
secondary current maxima occurring at potentials for which the non sensitized alloy is passive. A
detailed critique of the explanations of this secondary maxima is given elsewhere.23 As shown by
Kelly et. al.,23 the most likely explanation of the secondary maxima is that it is a result of the
superposition of two anodic currents, one from the bulk alloy and one from a chromium-depleted
zone next to the grain boundaries as proposed previously!4, although the Kelly, et. al. results
could not directly contradict the explanation that the secondary maxima is induced by the oxidation
of ferrous ions in the solution.!5 Kelly et. al.,23 showed that the maximum IGC was observed in
Type 430 stainless steel (430 SS) which was held at 550°C for 2 hours as shown by the

polarization curves, current vs. time curves, and morphological studies.




EXPERIMENTAL PROCEDURE

Polarization Curves

The Type 430 stainless steel samples of size 2.5 x 1.3 x 1.3 cm3 and composition given in
Table 1 were encapsulated in clear fused quartz bing under a vacuum of 10-2 torr, solution
annealed at 1200°C for 1 hour and quenched in ice water. The samples were then similarly
encapsulated and sensitized at 550°C for 2 hours and ice water quenched. The samples were then
mounted using double sided tape and one side polished to 240 grit and the other polished to 600
grit, degreased with reagent grade acetone and ethanol in an ultrasonic cleaner for 20 minutes. The
IN H2SO4 (pH = 0.18) solution was prepared using reagent grade H2SO4 and high purity water
(18MQ resistivity). Copper wires were soldered using Sn/Pb solder (Kestor Solder, Des Plaines,
IL.) or spot welded to the specimen and the connection edges and back masked with lacquer to
expose a nominal area of 3.25 cm3 of the 600 grit polished surface. The solution was deaerated
for 2 hours using purified nitrogen prior to the experiment. The sample was held at -1000 mVgcg
for 1 minute to remove any oxide film and allowed to equilibrate at open circuit for 10 minutes, and
then anodically scanned from the open circuit potential to +1400 mVscE at a scan rate of 0.1

mV sl

1GC/Permeation Experiment

The permeation setup is shown in Figure 2. For the corrosion cell a model 173 PAR
potentiostat was used to maintain the surface of the sensitized sample in the anodically polarized
condition at -50 mVsCg/+192 mVsHg while using a Hewlett Packard 3468A current meter to
measure the (anodic) current. On the exit surface where the arriving H atoms are to be oxidized, a
173 potentiostat is used to maintain the exit surface at a potential favorable for oxidation of any
arriving hydrogen, a 3468 Hewlett Packard current meter is used to measure the permeation
current, ip, and a Fisher 5000 chart recorder with a sensitivity of 0.001 pA is used to record the

permeation current, ip. The exit surface is coated with Pd (electroless Pd, Technic Inc.) to prevent




oxidation of the alloy. Since both potentiostats had a common working electrode, the exit cell
potentiostat was floated from ground using an isolation transformer and 12 pF pyranol capacitor.

Pre-electrolysis of the IN H3SO4, pH = 0.18, used in the corrosion cell and of the 0.1 N
NaOH, pH = 12.8, used in the H oxidation cell is carried out at a current density of 1 mA cm-2
using a Hewlett Packard constant current source 6186C along with constant deaeration by purified
nitrogen gas. Pre-electrolysis is carried out for 72 hours. After pre-electroly.is the solutions are
directly transferred into their respective oomparﬁncms under N gas following the procedure
outlined below.

First, the exit solution is let into the exit cell, the exit surface being maintained at +200
mVHg/Hgo (potentials 100 mV of this potential gave the same steady state permeatear current io).
The ip is allowed to decay to below 0.5 HA to establish a background level. Then the charging
solution is let into the corrosion cell and the input surface is immediately poised potentiostatically at

-50 mVscg/+192 mVsyE.

RESULTS AND DISCUSSION

The polarization curves for three sensitized samples are shown in Figure 3. As can be seen
in Figure 3, the reproducibility is good. Polarization curves for nominally non sensitized Type 430
stainless steel were similarly obtained by carrying out the same experimental procedure on the as
received material and are shown in Figure 4. The two curves for the nonsensitized samples
generally agree with the standard ASTM curve!6 for Type 430 stainless steel in deaerated IN
H3S0;4 at 30C using 0.1 mV s-1 scan rate, also shown in Figure 4. The difference between the
passive currents of samples 1 and 2 may be due to the fact that run 2 was carried out by repolishing
sample 1 and not by using a new specimen as was done in obtaining the polarization curves in
Figure 3. The minimum at approximately -200 mV, SCE, has been observed before in Fe-Cr
alloys.!7 This has been explained by Edeleanu!8 and is the result of the hydrogen evolution
reaction (h.e.r.) contribution to the total (ammeter) current at potentials up to its equilibrium

potential which is positive of the passivation potent -'.




Comparing Figures 3 and 4, one can observe that the secondary maxima is much more
pronounced for the sensitized steel, and is attributed to anodic dissolution of the Cr-depleted alloy.
Passivation of the lower Cr containing region at a more positive electrode potential than for the
alloy itself is consistent with the known strong dependency of the passivation potential on the
chromium content.!9 The small secondary maxima in the non sensitized steel can be explained by
the fact that even during the casting of the steel a finite time is required to quench the samples down
to the temperature below which carbide precipitation does not occur so that a slight sensitization
occurred.

As can be seen in Figure 3, the secondary maxima occurs at approximately -50 mVscg/+192
mVsHE. This potential was chosen in the IGC/permeation experiment as the potential for anodic
polarization of the sensitized Type 430 stainless steel, as this potential is much more positive than
the h.e.r. potential for the 1N H2S0O4 electrolyte, is in the passive region of the bulk alloy, and is
in the active region of the Cr-depleted metal along the grain boundary. It follows that with the
outer surface held at -50 mV SCE, IGC occurs initially by anodic dissolution of the Cr-depleted
metal and the h.e.r. does not occur. Then, the only way hydrogen permeation can be measured on
the exit side is if the IR mechanism of active metal dissolution4-12 occurs in the grain boundary
grooves formed by attack of the chromium depleted zone. At the potentials of base metal
dissolution in the active loop, the local electrode potential in the groove is also negative of the
hydrogen potential so the h.e.r. also occurs. The latter can only happen if an IR drop in the groove
shifts the electrode potential from the positive value above the h.e.r. potential at the surface of the
specimen to potentials below the h.e.r. potential inside the groove. This is also the potential region
of active dissolution of the alloy (Fig. 3). Such an IR drop phenomena is now known to be the
cause of crevice corrosion of iron%9, and, similarly, hydrogeh gas bubbles were observed to form
on the crevice walls during the crevice corrosion process. In several experiments using the
arrangement in Fig. 1b, hydrogen permeated through the sample thickness and a current was
measured on the exit side. A typical hydrogen permeation result is shown in Figure 5. After

approximately two minutes, hydrogen arrives at the other side of the sheet specimen and the




current increases as arriving hydrogen atoms are oxidized by the 200 mV Hg/HgO potential
maintained on the (exit) surface. After the initial steep increase, the current continues a more
gradual rise for the duration of the experiment.

Detection of a permeation current in the exit oxidation cell proves that the hydrogen evolution
reaction (h.e.r.) is occurring within the grain boundary grooves. Although the steel input surface
was maintained under anodic polarization at the more positive potential in the passive region, the
electrode potential in the crevice formed by the grain boundary grooves was at less noble values,
below the h.e.r. potential, resulting in hydrogen evolution and permeation and, as Kelly, et al.,
concluded?, anodic dissolution of the sample by the IR mechanism in place of the Cr depletion
mechanism. Thus, the bulk grains of normal Cr content are also readily attacked.

In summary, in an anodically polarized specimen, both the h.e.r. and anodic metal
dissolution by the IR mechanism start after the grain boundary grooves are formed by anodic
dissolution of the Cr-depleted alloy. The IR mechanism readily attacks the stainless steel grains of
normal Cr content. In view of the more negative potential in the grooves, dissolution of the Cr-
depleted alloy will still occur but not in a selective manner, i.e., the Cr-depletion mechanism ceases

to operate in regions where the IR mechanism operates.

CONCLUSIONS

1. Intergranular corrosion of sensitized Type 430 stainless steel involves a second corrosion
process, besides the anodic dissolution of the chromium depleted zone.

2. Hydrogen ion reduction was shown to be occurring inside the grain boundary grooves by
detecting a hydrogen permeation current using an electrochemical permeation technique.

3.  Since proton reduction could only occur if the electrode potential in the grooves was much
less noble than the applied value at the outer surface, detection of the hydrogen permeation
current is a proof that the second corrosion process is stabilized by the IR mechanism of

localized corrosion.
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Table 1. Composition of a Type 430 stainless steel provided by the supplier.

Cr 16.46%
C 0.055 wt%
Mn 0.48 wt%

Mo 0.024 wt%
N 0.017 wt%

Ni 0.32 wt%
P 0.035 wt%
S 0.004 wt%
Si 0.36 wt%

Fe balance




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

FIGURE CAPTIONS

Schematic diagrams for permeation of hydrogen through a metal membrane.

(a) Input surface is cathodically polarized. (b) Input surface is anodically polarized
resulting in anodic dissolution of the Cr-depleted alloy to produce the IR condition for
the h.e.r. and anodic dissolution of bulk alloy.

Schematic of the hydrogen permeation apparatus.

Anodic polarization curves for three different samples of sensitized (550°C for 2
hours) Type 430 stainless steel in 1 N H2SO4.

Anodic polarization curves for two samples of as received (non-sensitized) Type 430
stainless steel in 1 N H2SOj4 and the standard ASTM plot.16

A typical hydrogen permeation result for anodic polarization of a sensitized Type 430
stainless steel in 1 N H2SO4 (scheme in Figure 1b).
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SECTION 3

ANOTHER GRAIN BOUNDARY CORROSION PROCESS
IN SENSITIZED STAINLESS STEEL

William K. Kelly, Rajan N. Iyer and Howard W. Pickering
Department of Materials Science and Engineering

The Pennsylvania State University
University Park, PA

ABSTRACT

This work investigates the intergranular corrosion of a sensitized Type 430 stainless steel in
IN H3SO4. Once the grain boundary groove is formed by dissolution of the Cr-depleted material,
a second form of localized corrosion commences within minutes and replaces the Cr-depletion
mechanism. The second mechanism attacks both the bulk grains (of normal Cr content) and the
Cr-depleted alloy. This is shown by groove widths that are as much as 40 times the Cr-depleted
zone widths. Gas bubbles deduced to be hydrogen, egress from the grain boundary grooves,
indicating a sizable potential drop within the grooves and the likelihood that the second corrosion
process is caused by the IR phenomenon recently found to account for crevice corrosion in iron.
The same mechanism could account for the observed corrosion under the lacquer at the sample

edges.

INTRODUCTION

The intergranular corrosion of stainless steels has been explained by the chromium depletion
theory first shown by Strauss et al (1) and Bain et al (2) for austenitic stainless steels and proposed
by Baumel (3) for ferritic stainless steels. Additional experimental evidence that this theory applies
to ferritic stainless steels was given by Bond (4) and more extensively by Frankenthal and
Pickering (5). Stated briefly, the chromium depletion theory claims that the formation of
chromium carbides at the grain boundaries of a stainless steel will cause the alloy adjacent to the
boundaries to be depleted of chromium. The potential region of stability of the passive film is
known to be a strong function of the chromium content, decreasing in size with decreasing

chromium content (5). Thus, if there is insufficient chromium in the Cr-depleted region, this




region will not form a stable passive film (at the corrosion potential) and will dissolve leaving
grooves along the grain boundaries.

Bennett and Pickering (6) noticed in their studies of grain boundary corrosion of sensitized
austenitic stainless steels that the resulting grain boundary grooves were wider than the predicted
depleted zone width. Thus, bulk alloy with its normal chromium content was seemingly being
attacked, a result not explained by the chromium depletion theory. They concluded that a second
corrosion process occurred along with dissolution of the chromium depleted alloy to significantly
increase the grain boundary attack. More recently, Zamanzadeh et al. (7) observed the same in an
investigation of a stainless steel tube which failed in service due to intergranular corrosion (IGC) in
acid solution.

Thus, one explanation of the unexpectedly large grain boundary grooves in sensitized alloys
is that another form of localized corrosion commences during or after dissolution of the Cr-
depleted material. Alternatively, a wider-than-calculated zone of Cr-depletion develops during the
sensitization heat treatment, i.e., other factors in additions to the diffusivity of chromium, are
involved in the sensitization process, such as the occurrence of diffusion induced grain boundary
motion (DIGM). The goals of this study were to (i) confirm the Bennett and Pickering

observations and (ii) identify the cause of the larger-than-expected grain boundary grooves.

EXPERIMENTAL PROCEDURE

Samples of a Type 430 stainless steel with a composition given in Table 1 were cold rolled
(60% reduction) to 0.5 mm thickness, cut to roughly 1 cm by 1 cm, vacuum encapsulated after
purging with helium, solution annealed at 1200°C for 1 hour and water quenched, and finally
sensitized at 550°C for 1 or 2 hours. A few samples were partially or fully healed by holding for
longer times at 550°C. After removal from the capsules and mechanical polishing, the samples
were anodically polarized in either a standard 3-electrode corrosion cell deaerated with argon or in
an open petri dish in IN H2504 solution (in some experiments NaCl was added), and the current

was measured as a function of time. For the polarization curves a scan rate of 0.1 mV s'! was
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used after immersing the sample in the cell for approximately 10 minutes at open circuit followed
by 10 minutes at -600 mV SCE. Electrical connection to the samples was made by spot welding a
copper wire 10 the comer of the sample and masking the wire and the back and sides of the sample
with lacquer. This left about 0.8 cm? of sample surface exposed to solution. The petri dish set-up
included a microscope for direct in-situ viewing of the sample surface, as shown in Figure 1. The
potential used was -100mV SCE for most experiments. According to Figure 2 this potential
should cause rapid dissolution of Fe-Cr alloy containing less than about 12wt% Cr whereas alloy
containing more than 12wt% Cr should passivate (5). The polarization curves reported below also
indicate that for -100 mV SCE, the sensitized metal along the grain boundaries should actively

dissolve while the bulk grains containing the normal Cr content should be in the passive state.

RESULTS

Figure 3 shows the polarization curves of Type 430 stainless steel in IN HoSO4 with
different degrees of Cr-depletion at the grain boundaries, ranging from severe for the sensitized
condition to litle if any for the healed condition. The anodic peak centered at -100 mV SCE for the
sensitized heat treatment condition is absent for the healed condition, consistant with the
interpretation that this peak is produced by anodic dissolution of the Cr-depleted material along the
grain boundaries (8,9).

During anodic polarization of the sensitized samples at -100 mV SCE, insitu microscopic
examination using the arrangement shown in Figure 1 reveals attack of the grain boundaries but not
of the grain surfaces, and also the eventual egress of gas bubbles from within the grooves. The
current during the experiment is initially roughly constant for 1-5 minutes and then abruptly begins
to increase. A typical current-time behavior for the sensitized samples is shown in Figure 4. For
the solution annealed condition, the anodic dissolution current at -100 mV SCE is more than an
order-of-magnitude lower than for the sensitized condition (Figure 4), and is another order-of-
magnitude lower for the healed condition. For both the solution annealed and healed conditions no

rise in current occurs at later times in the experiments.




Figure 5 shows cross sectional views of grain boundaries after iniergranular corrosion during
anod:c polarization at -100mV SCE. According to a kinetic model of Iyer and Pickering (10)
which has been verified by comparison with the experimental data of Hall and Briant (11), the
depleted zone width on each side of the grain boundary should be approximately 600A and the
carbide thickness approximately 400 A. Even though the carbides remain undissolved, they will
form a part of the observable grooves, either because they are dislodged during the corrosion
process or are not resolved during microscopic examination. Thus, the expected groove width for
corrosion of all of the Cr-depleted metal is approximately 1600A. Figure 5a shows that the groove
width in some subsurface ;egions after 30 minutes is as large as 12,000A which is over 7 times the
depleted zone width. With increasing dme the subsurface regions of attack grow larger whereas no
further widening of the grooves occurs near the outer surface, Figures 5b-d. The largest measured
groove widths were 53,000A and 80,000A which are 33 and 50 times the depleted zone width,
respectively. These results were the same whether obtained in the deaerated cell or in the air
exposed petri dish. Clearly these results strongly suggest that most of the dissolution producing
the gross subsurface cavities is of bulk alloy rather than Cr-depleted alloy, since the width of the
Cr-depleted zone can hardly be so large or so uneven.

Additional longer term experiments were carried out to see if dissolution of the bulk alloy
contnued. In an experiment in which a sample was held at -100mV SCE in 1N H3S04 + 0.05N
NaCl for 143 hours until nearly complete disintegration, 262 coulombs of charge were passed.
This is 20 times that expected if only the Cr-depleted zone dissolves.” This experiment was
repeated for a sample held in 1N H2S0y4 at -100mV SCE for 6 hours and then at 200mV SCE for
several days until nearly complete disintegration; the total charge passed was 191 coulombs, which
is approximately 15 times that expected if only Cr-depleted alloy dissolved. These samples
showed almost no change in surface appearance but completely disintegrated at the slightest touch

or on removal from the cell.

* Assuming that the only anodic reaction is Fe = Fe2+ + 2¢-, and using the calculated Cr-depleted volume (average
grain diameter is 30um), the Faraday constant, and the molar volume of iron, the charge required 10 dissolve the
entire Cr-depleted zone is calculated as approximately 13 coulombs.




In another experiment a sensitized sample was held at -100 mV SCE to dissolve the
sensitized material (and form the grain boundary grooves). Then, the sample was removed from
the cell, thoroughly rinsed in distilled water, dried at 150°C for 2 hr to terminate all electrochemical
processes, and reimmersed at 200mV SCE. At 200mV SCE, dissolution of Cr-depleted alloy is at
best difficult because very little if any of the grain boundary region has such a low Cr content to be
active (especially after dissolution at -100 mV SCE) rather than passive at this potential, in accord
with Figures 2 and 3. This was confirmed by immersion of fresh (not previously polarized)
sensitized samples at 200mV SCE; these samples registered negligible current and in post
microscopic examination showed little or no grain boundary attack. On the other hand, when the
samples with grooves formed at -100 mV SCE were reimmersed at 200 mV SCE, there occurred a
gradual increase in current with time and the eventual evolution of gas bubbles from the grain
boundary grooves. When NaCl was added to produce a 0.3N NaCl solution the rise in current
with time upon reimmersion at 200mV SCE (442 mV SHE) was much more rapid and the
evolution of hydrogen gas bubbles occurred sooner and profusely.

In the experiments, corrosion was observed to occur under the lacquer used to mask the
edges of the specimen. Regions under the lacquer near, but not right at, the lacquer edge were
more heavily corroded than elsewhere and both the bulk grains and the Cr-depleted alloy were
dissolved. An example is shown in Figure 6. The width of the zone (along the lacquer edge)
undergoing crevicing was 200 to 300 um and was located approximately 50 um from the lacquer
edge. In this same area gas bubbles were seen to grow and coalesce into elongated bubbles during
the experiments. Since photographs could not be taken during the observations, the gas bubbles
do not appear in later photographs but their shape and location has been schematically added to

Figure 6.




DISCUSSION

Width of the Cr-depleted Zone

All the samples consistently showed that the vast majority of the attack is underneath the
surface of the metal (as shown in Figure 5). This is further evidenced by the fact that given
enough time the inside of the sample will be almost completely converted to the oxidized soluble
state even though little attack appears on the surface. If DIGM or some other process were
responsible for a wider-than-calculated depleted zone width, the attack would not be mainly
concentrated undemneath the surface of the metal, i.c., the groove would be very wide everywhere
including at the surface. For instance in Figure 5a, the groove width at the surface is
approximately 2,000A, about the same width as the calculated depleted zone width, but at a depth
of 14 um the groove width opens up dramatically to 12,000A. In Figures 5b and Sc the widest
part of the grooves are located at depths of 13 pm and 16 um, respectively. In summary, the
location and large size of the cavities, coupled with the much smaller groove widths at the surface,
strongly suggests that a much wider-than-calculated depleted zone width, e.g., due to DIGM, is
not present in these specimens.
Evidence for a Second Corrosion Process

The above discussion of the width of the Cr-depleted zone shows that the gross subsurface
cavities shown in Figure 5 can not be explained in terms of the selective attack of Cr-depleted
alloy. Furthermore, there is a second major discrepany between the Cr-depletion mechanism and
one of the experimental observations. Gas bubble evolution from within grain boundary grooves
is inconsistent with the Cr-depletion mechanism since neither the hydrogen evolution reaction
(h.e.r.) nor oxygen evolution reaction is thermodynamically possible at potentials for which the
Cr-depleted alloy selectively dissolves (approximately -200 to 50 mV SCE as shown in Figure 3).
Gas bubble formation is also inconsistent with the potentials applied at the outer surface in these
experiments (-100 or 200 mV SCE). The two current-time behaviors observed for the sensitized
condition in Figure 4 is yet a third reason to conclude that a second corrosion process is operating

to produce the results in Figure S.




What is the nature of this other corrosion process and what are the conditions for its
occurrence? The observations are: the extra corrosion is completely subsurface, i.e., it is not seen
at the surface of the sample although it is conceivable that it may eventually penetrate the surface
from undemeath, similar to that observed in crevice corrosion (13). The extent of the corrosion
artack, however, is unlike classical pitting or crevice corrosion, processes that are not usually
associated with the words ‘total disintegration’ of the sample. Dealloying comes to mind as the
one corrosion process that can produce a condition such that the sample outwardly looks in tact but
crumbles at the slightest touch. Dealloying, requires that the major alloying components be of
widely different electronegativity, preferably with the most electronegative component in the
majority (12). Although iron and chromiurn do differ significantly in electronegativity, iron is the
more noble of the two and few if any cases of dealloying have been reported with the more noble
component being 82% of the alloy composition (Table 1). Furthermore, the porosity that develops
in dealloying is very fine and uniform in size, quite unlike the large, irregular, subsurface cavities
seen in Figure 5.

The current-time behavior shows when the second corrosion process commences. For the
sensitized condition, a current increase was recorded after a few minutes of roughly constant
current. Since attack of the Cr-depleted alloy starts immediately (1-5), the initial constant current is
concluded to be the anodic dissolution of the Cr-depleted material at the grain boundaries. The
abrupt increase in current then could be the start of the second corrosion process. This deduction
is also in accord with the absence of both a current increase and subsurface attack for the other heat
treatments (solution annealed and healed). Since these other heat treatments do not cause
significant grain boundary corrosion and the formation of deep grain boundary grooves, it follows
that the grooves may be a prerequisite for the second corrosion process. Hence, the second
corrosion process may be more like crevice corrosion than pitting corrosion, where the grooves at
some stage of their formation (by the Cr-depletion corrosion process) achieve the required gap

opening and depth (aspect ratio) to support an active crevice-type corrosion process (13-19).




As aresult of the high density of grain boundary intersections with the surface, grain
boundary grooves form and, consequently, numerous IR-induced corrosion penetrations occur
into the bulk grains of normal Cr content. This high density of crevice-like corrosion processes
could produce the total disintegration reported above in the longer term, several day experiments.
The IR Mechanism of Corrosion

If the second process is a clone of crevice corrosion, one needs to show the existence of a
significant potential drop between the electrolyte at the subsurface anodic sites and the bulk
solution. There is now ample evidence that the underlying requirement for crevice corrosion to
occur is that the IR voltage drop in the crevice electrolyte places the electrode potential at the anodic
sites (within the crevice) at values in the active loop of the crevice electrolyte polarization curve
(13-16).

As mentioned above, the observation of gas evolution, either hydrogen or oxygen, during the
experiment is inconsistent with the dissolution of Cr-depleted alloy. However, one can ratonalize
the formation of hydrogen gas by taking into account an IR voltage within the electrolyte inside the
groove(13-18). Considering the available reactants (1IN H,SO4 with and without NaCl) and
potential theory which establishes that the electrode potential within recesses is less oxidizing than
the applied potential at the outer surface by the amount of the IR voltage within the recess, the
formation of hydrogen gas becomes a possibility inside the groove, consistent with its observed
location during the experiments. The occurrence of the h.e.r. requires that the electrode potential is
more negative than the reversible potential for the h.e.r. (~ - 240 mV SCE for IN H2SO4). Thus,
a significant IR voltage must have existed between the outer sample surface (-100 or 200 mV SCE)
and the inside of the grooves from which gas bubbles were observed to egress. Gas bubble
evolution solely from within the grain boundary grooves was consistently observed for solutions
of 1N H2SO4 with and without the addition of 0.3N NaCl. Furthermore, the deduction that the
gas is hydrogen means the Cr depletion mechanism, per se, ceases to operate at these locations of

the h.e.r. inside the grain boundary grooves. The reason is that at potentials of the h.e.r., bulk




alloy of normal Cr content dissolves along with the Cr-depleted alloy (Figure 3), i.c., Cr-depleted
alloy is attacked but not selectively at potentials of the h.e.r.

Thus, one may argue that the subsurface nature of the attack progressing from the narrow
grain boundary grooves into the bulk grains is caused by a shift in electrode potential into the
active loop of the groove electrolyte polarization curve, consistent with the new IR phenomenon of
localized corrosion recently proved to be the basis of crevice corrosion in iron (13-16) and
previously obsci'ved for pit growth in iron (18). What is needed to pfovc that the electrode
potential shifts significantly in the negative (less noble) direction as a function of distance into the
grooves is to identify the gas as hydrogen. Gas is also observed regularly in crevice corrosion
experiments where the necessary potential shift is directly measurable (13-15). Thus, the
formation and growth of gas bubbles within the grain boundary grooves rather strongly implies
that a significant potential drop occurs between the outside and inside of the grain boundary
grooves. If the gas is hydrogen its evolution at the two quite different applied electrode potentials
in these experiments (-100 and 200 mV, SCE), both of which are very positive of the h.e.r.
equilibrium potential, shows that large IR drops can occur in the grain boundary grooves for a
range of oxidizing conditions at the outer surface.

Although, in general a potential shift which favors cation motion out of a cavity does not rule
out an accompanying decrease in pH, acidification of the electrolyte within the groove is hardly a
factor in the present experiments, in view of the already low pH of 1N H2SO04 which is
unfavorable for occurrence of the hydrolysis reaction. Thus, acidification is not required for the
electrode potential along the groove wall to shift negatively into the active loop of the polarization
curve. The IR phenomenon without accompanying acidification has been experimentally
demonstrated during crevice corrosion of iron under conditions for which a decreased pH did not
occur in the crevice (13,15). In fact, without hydrolysis just the opposite is expected for iron in
IN H3S04: the calculated ionic concentrations within crevices or pits show that hydrogen ions will
tend to migrate out of a cavity under the prevailing potential gradient during anodic polarization

(18). This process would raise the pH in the crevice (as would the occurrence of the hydrogen




evolution reaction itself). This rise in pH would occur until the equilibrium pH of the hydrolysis
reaction is reached. The pH would then be maintained at this value by the hydrolysis reaction.
Thus, no acidification is expected within the grain boundary grooves in this work; rather the pH
may iise (~2pH units) to the equilibrium hydrolysis value as shown in what follows.

The possible hydrolysis reactions in the present work are:

Fe*2 + H)O ¢ FeOH* + H+ K =1.68x 107 (1)

Cr+3 + Hy0 & CrOH+2 + H+ K =1.54 x 104 Q)
For the known equilibrium constants, K, the equilibrium pH can be calculated by assuming unit
activity/concentration of the water molecule. If the equilibrium Fe+2 jon concentration is y
mol/liter, the FeOH* ion will have a concentration of 1-y mol/liter in Reaction (1), and since the
Ht* ion is produced in the same amount as the FeOH* ion, it must also have a concentration of 1-y
mol/liter. The H2Q is a pure liquid phase assumed to have an activity equal to 1. Hence, K =
{FeOH*] [H+}/[Fe*2) = [1-y] [1-y}/y = 1.68 x 10-7. Solving for y gives a hydrogen ion
concentration of 4.1 x 104 mol/liter corresponding to pH 3.4. The same calculation for chromium
hydrolysis according to Reaction (2) gives an equilibrium pH 1.9. Therefore, hydrogen ion
migration under the potental gradient in the grain boundary groove should raise the pH toward 1.9
or 3.4 depending on the concentrations of the respective metal ions. If the Cr*3 concentration in
the grain boundary groove is at the equilibrium value for the chromium hydrolysis reaction, then
that reaction will control the pH at 1.9. If the Cr*3 concentration is not high enough, then the pH
will rise to the equilibrium pH for the iron hydrolysis reaction.

Inserting these pH values into the Nernst equation for the h.e.r. gives for the equilibrium
potential, E, = -242, -354, and -443mV SCE for pH = 0, 1.9 and 3.4, respectively. These
numbers mean that for a grain boundary groove whose pH is controlled between 0 and 1.9 by
hydrogen ion migration and consumption on the one hand and the chromium hydrolysis reaction on
the other hand, the equilibrium potential for the h.e.r. is between -242 and -354 mV probably being

closer to -354 mV SCE. Similarly, for a pH between 0 and 3.4 where the latter is given by the iron




hydrolysis reaction, E is between -242 and -443 mV SCE. These results are shown as cross
hatched regions in Figure 7 which is the measured polarization curve for the sensitized sample.
Since the equilibrium potentials of the h.e.r. are seen to be in the active loop of the alloy polarization
curve, the electrode potential in the grain boundary groove is concluded to be in the region of active
metal dissolution. For the non-sensitized material (healed curve in Figure 3) there is no current
peak at -100 mV, thereby identifying the current peak at -100 mV as the result of anodic dissolution
of the Cr-depleted material; that active dissolution of Cr-depleted alloy occurs in this potential region
is also shown in Figure 7 by the accompanying match-up wt% Cr vs. E plot, e.g., at -100 mV,
alloy with a Cr content of 11 wi% or less will be in the active dissolution state (5).

The role of chloride in producing more rapid onset and higher rates of corrosion proceeding
from the groove into non Cr-depleted alloy (reported above in the experiment in which the sample
was reimmersed at 200 mV SCE following a -100 mV treatment that produced the grain boundary
grooves) is likely the same as recently discovered during IR-induced crevice corrosion of iron in
chloride solution (15). This role of Cl- involves enlargement of the active loop and an increase in
the passive current with increasing Cl- content. Both facilitate the onset of IR-induced corrosion
and higher currents in the active loop enable higher rates of stable (on-going) metal dissolution
along the groove wall(15).

In summary, the occurrence of the IR mechanism of localized corrosion requires first a recess
in the surface. Intergranular corrosion produces a groove at the grain boundary that could provide
for the IR condition as defined elsewhere (14). Thus, sensitized stainless steel may eventually
meet this condition when exposed to a corrosive solution. In this paper corrosion of the Cr-
depleted zone produced a narrow groove which then served as the vehicle for onset of the IR
mechanism of corrosion. This conclusion is based in large part on a theoretical analysis, rather
than an experimental proof, that the gas observed evolving from the grooves was hydrogen.
Acidification was not a factor in initiating or maintaining this stable IR form of grain boundary
corrosion of both bulk alloy and Cr-depleted alloy, since neither the Cr nor Fe hydrolysis reactions

can occur at the low pH of the bulk solution. This same corrosion process involving a potential-




shift phenomenon but without acidification of the groove electrolyte (and without aggressive ion
build up in the groove) has been discovered and proven to operate during crevice corrosion of iron
in both acid and alkaline solutions (13,15).

Both the heavily attacked zone and the formation of gas under the lacquer (Figure 6) are also
consistent with the IR mechanism of localized corrosion. This process involves the penetration of
electrolyte into the interface area between the lacquer and the sample surface, the establishment of a
potential drop placing the local electrode potential under the lacquer in the active region of the
cavity electrolyte polarization curve, and a resultant high metal dissolution rate characteristic of the
active Joop. The existence of the potential drop was shown by the evolution of gas, deduced to be
hydrogen for the reasons given above. The edge of the dissolved region under the lacquer also
runs parallel to the edge of the lacquer and is highly reminiscent of the well defined distance into a

crevice below which crevice corrosion occurs by the IR drop mechanism (15,16).

CONCLUSIONS

The conclusions of this study of intergranular corrosion of a sensitized ferritic stainless steel

1.  The grain boundary grooves are too large, too uneven in width, and the total charge
passed too great to be attributed solely to dissolution of chromium-depleted alloy.

2. A second localized corrosion process commences within the groove after it is formed
by the classical Cr-depletion grain boundary corrosion process, and the latter ceases to
operate. This subsequent corrosion process accounts for the greater-than-expected
groove widths since it readily attacks both the bulk grains of normal Cr content and the
Cr-depleted alloy. An IR-induced form of localized corrosion (recently proven to
account for crevice corrosion in iron) that commences once the grain boundary groove
of certain gap-to-depth dimensions is formed (13-16) is consistent with the data. The
existence and identity of this second form of grain boundary corrosion is based on the

following experimental observations:




i).  the large, uneven and occluded nature of the grain boundary grooves involving
alloy that is not depleted in Cr,

il).  two distinct regions in the current-time behavior of the grain boundary corrosion
process,

iii)).  the evolution of gas bubbles from within the grooves; if the gas is hydrogen as
expected, the electrode potential within the groove is significantly more negative
than the applied potential at the outer surface and,

iv).  the occurrence of grain boundary attack at 200 mV (SCE), a potential for which
grain boundary corrosion due to Cr-depletion does not occur.

3. Corrosion is also observed at the sample edges under the lacquer. The observation of
gas bubble formation under the lacquer and the location of the corrosion with respect to
the lacquer edge again indicates the IR mechanism of localized corrosion.

4.  Acidification does not occur in the grain boundary grooves (or under the lacquer) since
the bulk solution pH is too low for hydrolysis to occur. Thus, the IR-induced
potental-shift mechanism without contributions from acidification (or aggressive ion
buildup in the absence of aggressive ions in the bulk solution) satisfactorily accounts
for the stability of the second grain boundary corrosion process.

5. DIGM cannot explain any of the above observations, although it is not ruled out as a

cause of somewhat increased widths of Cr-depleted zones.
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Table 1. Composition of Type 430 Stainless Steel Provided by the Supplier

C 16.46 wi%
C 0.055 wi1%
Mn 0.48 wt%
Mo 0.024 wt%
N 0.017 wvi%
Ni 0.32 wt%
P 0.035 wt%
S 0.004 w1%
Si 0.36 wt%
Fe balance
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Petri dish experiment for in-situ observation of intergranular corrosion.

Passivation potental vs. wt% Cr for binary Fe-Cr alloys, after Frankenthal and
Pickering (5).

Potentiodynamic polarization curves of the Type 430 stainless steel after different final
heat treatments in deareated 1N H3S04. (©) 1200°C for 1 hr and quenched (solution
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Current density versus time behavior for Type 430 stainless steel at -100 mV SCE in
deaerated 1N H,SOy4 for different final heat treatments: 550°C for 2 hr (sensitized),
and 1200°C for 1 hr and water quenched (solution annealed).

Metallographic cross sections after IGC of sensitized (550°C for 2 hr) Type 430
stainless steel showing grain boundary grooves and subsurface regions of gross attack
into the bulk grains produced by anodic polarization at -100 mV SCE in 1IN H2S0Q4,
and a schematic drawing showing the relationship of the observed groove width and the
depleted zone width.

Micrograph showing attack of the region under the lacquer near but not directly at the
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